ABSTRACT In this report, we describe the cloning of the human cytoplasmic thymidine kinase (tk-C; EC 2.7.1.21) gene and its preliminary characterization. The tk-C sequences were isolated from a phage genomic library made from DNA of a transfected mouse cell carrying the human tk-C gene. The human transformmig sequences were identified by homology with human Alu sequences. Six recombinant phages were isolated and five were competent to transfer human TK-C activity to TK-deficient mouse cells when transferred in pairs. Conclusively, sequences homologous to these clones are present in all human TKV transformants examined. We estimate the maximal size of the tk-C gene to be 14 kilobase pairs and its minimal size to be between 4 and 5 kilobase pairs. The gene contains many noncoding inserts and numerous Alu sequences.
Thymidine kinase (TK; EC 2.7.1.21) catalyzes the phosphorylation of thymidine to deoxythymidine monophosphate. Biochemical and genetic evidence indicates the existence of two enzymes, one localized in the mitochondria (TK-M) and another localized in the cytosol (TK-C) (1) . The two enzymes are coded by separate genes that map to human chromosome 16 (tk-M) and to 17 q21-22 (tk-C) (1, 2) . The cytosol form of TK is one of the most widely studied enzymes in mammalian cells. It serves as a salvage pathway for the incorporation of thymidine into DNA. The tk-C gene has been used to study the genetic and biochemical basis of drug resistance (1) and to serve as a pathway for the administration of anticancer and antiviral agents (3) . Strong evidence exists that control of TK-C activity in proliferating versus nonproliferating cells depends on transcriptional regulation (4) . The isolation of the tk gene should provide an extremely valuable tool to gain further insight into the gene regulation and the functional role of the enzyme.
To clone the tk-C gene, we have used the method of gene transfer into mammalian cells. Human cells were. used as donors for chromosome- (5) and DNA-mediated gene transfer (6) into recipient mouse cells. The human Alu sequences were then used to monitor the transfer of human sequences. The Alu sequences are =300 nucleotide base pairs in length and are repeated about 300,000 times in the human haploid genome (7) . They serve as excellent markers for the detection of transferred human DNA because of their dispersed nature (8) . Large amounts of donor DNA are stably retained in the transformants, and thus only a small fraction of the donor Alu sequences is associated with the transferred tk-C gene sequences. To reduce the extraneous Alu markers, we serially transferred the donor tk-C sequences through several cycles of transfection. Following this procedure, the majority of remaining Alu sequences are linked to the tk-C gene sequences. This allows the isolation of the tk-C fragments in phage A libraries by screening the Alu markers. This method has been successfully employed previously for the isolation of human chromosome 11 specific sequences (9) and human oncogenes (10, 11 (18) . TK was assayed after electrophoresis of the cell extract in polyacrylamide gels as described by Goff and Berg (19) .
RESULTS
The starting material for our transformation studies was a chromosome-mediated gene transfer line, CLT-22 (20) . CLT-22 resulted from the transfer of isolated human metaphase chromosomes into the TK-deficient mouse recipient cell line LMTK-, followed by selection for TK expression in HAT medium. CLT- 22 has no obvious donor chromosomal fragment and expressed TK at a level 1.5-fold greater than the human donor cell line HeLa S3 (20) . To To detect DNA sequences that included the functional gene, the primary, secondary, and tertiary transformant DNA was digested with BamHI and the human Alu-containing DNA fragments were examined by Southern blotting (Fig. 1) . A common 14-kb fragment was detected in all transformants. These data together with the transformation-sparing effects of BamHI suggested that the functional gene resides within the common 14-kb fragment. This was confirmed later by showing that fragments cloned from the gene were present in this segment (see Fig. 3 ).
Secondary transformant CLTK 1-1 was selected as the starting material for gene cloning experiments. CLTK 1-1 DNA was partially digested with Mbo I and was inserted into the BamHI site of phage A EMBL-3. After packaging in vitro, phages were plated on E. coli K802. The recombinant phage stock, containing 1.5 x 106 plaque-forming units, was screened for Alu-positive plaques. Six recombinant phage stocks were isolated and purified through three cycles of plaquing. They were designated Atkl8, Atk25, Atk36, Atk46, Atk53, and Atk67.
Verification of the tk-C gene isolation in A phage clones was established by transformation analysis. First To identify these regions of homology and to characterize generally the tk-C gene sequence, we have constructed restriction maps of cloned fragments contained in Atkl8, Atk53, and Atk67 (Fig. 2) . Restriction In a third experiment, we sought to identify the essential coding regions of the complementing phages Atkl8 and Atk53 by using a transformation assay. Atkl8 and Atk53 phage DNAs were cleaved with several restriction enzymes and transfected into LTK-cells and TK+ transformants were selected. We found that EcoRI, Xho I, HindIII, and Kpn I cleaved within the gene and inactivated transforming activity. BamHI and Sal I had no effect on the TK-transforming activity. BamHI was then used to subdivide the inserts from both recombinant phages. The following fragments were obtained by gel purification: Atkl8-6kb, Atkl8-10.5kb, Atk53-4kb, and Atk53-8kb (see Fig. 2 ); they were then mixed in all pairwise combinations, and the transformation activities of the pairs were evaluated. The Atkl8-6kb fragment also contained a 19-kb phage arm; thus its size was actually 25 kb. The transformation studies showed that only the combination Atkl8-6kb and Atk53-8kb had transforming activity. The transformation efficiency of these BamHI within Atkl8-6kb and Atk53-8kb and that the functional tk-C gene is no greater than 14 kb.
The previously described experiments provided strong support for the recovery of the tk-C gene. However, we felt it was also important to demonstrate the presence of the cloned tk-C sequences in transformed cells. These results are shown in Fig.  3 . In these experiments, we restricted the cell line DNAs with BamHI and probed separately with two unique cloned probes isolated from regions Atkl8-6kb (0.92-kb EcoRI fragment) and Atk53-8kb (1.25-kb Kpn I/HindIII fragment) (see Fig. 2 ). The DNA samples examined were extracted from LTK-, HeLa, secondary transformants (CLTK 1-1, 8-1) , and transformants constructed with recombinant phages (18/53-1, 18/53-2, 18/ 67). With both probes, the HeLa and secondary transformant DNA (CLTK 1-1, 8-1 ) showed a single 14-kb band (Fig. 3) , consistent with a fragment size originally detected by the Alu probe (Fig. 1) . This result clearly demonstrated the presence of sequences from Atkl8 and Atk53 in TKV transformants and the human control. It further indicated that the size of tk-C is about 14 kb. Transformant 18/53-2, which was generated by cotransfection of Atkl8 and Atk53 DNA, showed a prominent single band with a molecular size slightly greater than 14 kb with both the 0.92-kb and 1. (Fig. 1). (ii) Many of these same transformants also evinced a 10.5-and 4-kb fragment (Fig. 1). (iii) When HeLa and the secondary transformants CLTK 8-1 and 1-1 were probed with unique fragments from Atkl8-6kb (0.92 kb) and Atk53-8kb (1.25 kb), both probes identified a single band of 14 kb (Fig. 3) . (iv) One transformant (18/ 53-2) produced by cotransfer with Atkl8 and Atk53 also showed a single 14-kb fragment when probed with both the 0.92-and 1.25-kb probes (Fig. 3) . (v) The proposed regions of homology are rich in Alu sequences, and these could represent the sites for recombination (Fig. 2) . (vi) The homologous sites must be small because the postulated 14-kb recombination fragment is the sum of the 6-and 8-kb substituent fragments. We believe these facts make a compelling case for the proposed model. Further experiments will be required to prove its validity.
The isolation of the tk-C gene now makes possible the further analysis of homologous complementation in mammalian cells. As already discussed, partial gene sequences with overlapping regions of homology can be employed to analyze the conditions that influence recombination. Moreover, the problem of homologous integration into chromosomal sites can also be approached by using cell lines with partial deletions and complementing them with deleted plasmids having overlapping nondeleted regions. Phage A53 is interesting in this respect. It will be interesting to study the tk sequence in the sinBiochemistry: Lin et al. Proc . Natl. Acad. Sci. USA 80 (1983) gle recovered transformant to assess its structure and chromosome location.
Our results support the view that complex rearrangements can take place during the transformation process, as shown by transfecting cloned tk-C fragments into LTK-recipients (Fig.  3) . These results indicate that the detailed structure of the tk-C gene should be based on cloned DNA derived from normal cells. In spite of this limitation, we believe the transfection system of gene isolation has much to offer. It has been possible to isolate the tk-C gene sequences readily by this method, and these cloned sequences can now be used as probes to recover the native gene. Moreover, it has been possible to make a preliminary characterization of the tk-C gene in terms of its molecular size and organization. Our experiments have also shown that complementation analysis can be employed profitably to test for recombinant phage that carry partial gene sequences of interest. *
